I. INTRODUCTION
T HE Mu2e experiment consists of three magnetically coupled superconducting solenoid systems: the Production Solenoid (PS), the Transport Solenoid (TS) and the Detector Solenoid (DS). Magnetic fields generated from these magnets are used to efficiently collect and transport muons from the production target in the PS to the muon stopping target (in the DS) while minimizing the transmission of other particles. The main functions of the Detector Solenoid (DS) are to provide a graded field in the region of the stopping target and a precision magnetic field in a volume large enough to house the tracker downstream of the stopping target [1] .
The Detector Solenoid coil design is based on high purity aluminum stabilized Rutherford cable. This type of conductor has been used successfully in many similar superconducting detector solenoids. The main advantage of such a conductor is that the aluminum stabilizer has very small resistivity and a large thermal conductivity at low temperatures. The DS employs two types of conductors: DS1, a "narrow" conductor in the DS gradient section and DS2, a "wide" conductor in the spectrometer section [1] . Manuscript The DS cold mass consists of a cylindrical 5083 aluminum shell, which houses 11 coil assemblies each comprising of DS1 or DS2 coil windings. The coil assemblies are separated by intermediate spacers that aid in achieving the necessary field distribution in the DS. The cold mass assembly is cooled by a helium thermosiphon scheme that operates at a nominal temperature of 4.7 K. The cold mass assembly is housed within a room temperature cryostat. The cold mass is shielded from the cryostat with nitrogen cooled thermal shields operating nominally at 80 K. Multi-Layer Insulation (MLI) is used to further curtail the radiation load from the cryostat to the cold mass.
This paper aims at addressing the thermal design aspects of the DS. The steady-state heat loads are addressed for both the helium and nitrogen systems. The design of the thermosiphon cooling scheme is described. The pressure and temperature conditions of the thermal shield cooling are also discussed. Finally, a transient thermal stress analysis of the DS is discussed. The results of this analysis aid in determining the temperature difference that can be safely maintained between the cold mass and the helium during the initial cool down of the magnet.
II. HEAT LOADS

A. Cryogenic Distribution
The cryogens for cooling the cold mass and the thermal shields will be supplied from a repurposed Tevatron "satellite" refrigerator and liquid nitrogen Dewar. The cryogenic distribution begins at the refrigerator/Dewar level and is transmitted to a distribution box where the flow is divided to feed the four feedboxes, which in turn serve the different solenoids of the Mu2e experiment. Fig. 1 depicts the cryogenic distribution for the Mu2e experiment.
The cold mass assembly and thermal shields are indirectly/ conductively cooled. The cold mass is cooled by saturated helium at 4.7 K flowing in a thermosiphon circuit and the thermal shields are cooled by pressurized two-phase nitrogen containing approximately 90% liquid at about 82 K. The helium gas returned is re-liquefied and the nitrogen gas is vented to the atmosphere.
B. Heat Loads at Helium Temperatures (4.7 K)
The operating temperature of the helium bath is estimated to be around 4.7 K. The cold mass assembly will be cooled with saturated helium at 4.7 K flowing in a thermosiphon (passive heat exchange based on natural convection) circuit. The steady-state heat load contributions at 4.7 K originate from the radiation heat flux from the 80 K thermal shields and from the cold mass suspension system consisting of axial and radial supports. Table I summarizes the heat loads at helium temperature with no contingency. Also, the dynamic heat load due to the eddy current heating has been neglected for the long charging/discharging time of the system.
C. Heat Loads at Nitrogen Temperatures (80 K)
Two-phase nitrogen will be supplied from a Dewar at around 0.66 MPa to a phase separator in the distribution box, where it will be sub-cooled to about 90 K. The nitrogen will be then throttled to about 82 K with about 9% vapor at the inlet to the solenoids. The two-phase nitrogen will be used to cool the thermal shields, intercept the suspension system and also provide cooling for the HTS sections of the current leads. Table II summarizes the heat loads on the different components at nitrogen temperatures with no contingency.
III. COLD MASS ASSEMBLY COOLING SCHEME
A. Thermosiphon
The cold mass assembly will be indirectly/conductively cooled with saturated helium at 4.7 K flowing in a thermosiphon circuit. As the thermosiphon system is essentially driven by gravity, the thermosiphon tubes must be oriented vertically. The thermosiphon tubes are semi-circular segments that are skipwelded to the coil mandrel and attached at the bottom and top; to the supply and return manifolds respectively. Thermosiphon cooling concept has been successfully used to operate the ALEPH solenoids [7] and CMS detector solenoid [8] . The advantage of this system is reliability as it does not include any moving parts such as liquid helium pumps. It is also efficient as the temperature is uniform due to the fact that the cooling helium flow spontaneously adapts to the heat load distribution.
B. Optimization of Thermosiphon Piping Components
The sizing of the thermosiphon tubes is critical as they dictate the resulting flow quality and flow regimes. Fig. 2 shows a schematic representation of the thermosiphon circuit. The thermosiphon tube sizes can be estimated by applying the energy balance principle to the set up shown in Fig. 3 . As evidenced by the set up the total pressure gradient of the system is identically zero. Also, if the vapor quality is less than 10% the system is said to be stable [9] - [12] . Thus by applying the above information the thermosiphon tube sizes can be calculated. Furthermore, the vapor quality (∼8% in our case) can be used to estimate the void fraction at the exit, which provides an indication of the flow regime [13] . As a widely accepted observation, it is best and more efficient to have the cooling scheme working in the nucleate boiling regime [10] - [12] , as this provides the optimal rate of heat transfer without producing an unstable flow regime. Finally, the supply and return piping are sized to minimize the pressure drop across the thermosiphon tubes.
C. Thermosiphon Tube Location
Another major aspect associated with the design of the thermosiphon scheme is the placement of the thermosiphon tubes; especially on a large magnet such as the DS, to optimally extract the heat load from the cold mass. A sub-model (Fig. 3) of one of the coil modules was studied by finite element analysis approach to determine the thermosiphon tube spacing. A "distance rule" was created using this model and applied to the cold mass to extract the heat load mostly due to radiation. Although, caution was exercised to circumvent this "distance rule" near the transition between coil assemblies. Thermosiphon tubes are also planned to be installed on the spacer units which do not enclose a coil as most of the heat load in the DS is due to radiation. Thus the DS requires 49 thermosiphon tubes made of aluminum 6061-T6.
D. Thermosiphon Tube Geometry
The thermosiphon cooling system is also designed to handle heat loads from other sources to the magnets, such as splice joints of the conductors. This interfacing aspect of the design provided advice for the thermosiphon tube geometry as shown in Fig. 4 . The thermosiphon tubes themselves are extruded to have the fin-like features to which the cooling strips from the splices will be attached.
E. Predicted Temperatures
The thermosiphon design was validated by means of a finite element analysis of the half symmetry model of the DS cold mass assembly. The requirements on the cryogenic distribution by the magnet design provided an operating temperature of 5.1 K for the coils. To accurately estimate the peak coil temperatures, the knowledge of the material properties of the cold mass assembly components including the coils became an inevitable requirement. Fourier's Law of Conduction and dedicated finite element models of the two types of conductors, DS1 and DS2, provided understanding of the conductor thermal behavior. A steady-state finite element analysis on the half symmetric model for the DS yielded estimates of peak coil temperatures. The analysis showed that the thermosiphon cooling scheme is adequately able to maintain the coil temperatures within the thermal margin as shown in Fig. 5 .
IV. THERMAL SHIELDS
The DS magnet cryostat consists of two thermal shields; inner and outer. The outer shield protects the cold mass from ambient thermal radiation and the inner shield protects the cold mass from thermal radiation, from the room temperature bore of the magnet. The thermal shields will be cooled by two phase nitrogen with about 10% vapor quality at around 0.17 MPa pressure. The advantage of this two-phase flow is that the large latent heat of nitrogen can be utilized to provide a uniform temperature cooling over a wide range of heat loads.
The inner and the outer shields are cooled in series by a 12.7 mm ID extruded aluminum 6061-T6 tube that is skipwelded to the cold mass side of the 3 mm thick thermal shields. The tube has been sized to occupy the least space while providing a low pressure drop along its entire run length and maintain a positive pressure at the end of its run as it vents to the atmosphere. An energy balance performed on the shields revealed that temperature at the warmest location on the shield (excluding some hot spots at the edges) will not exceed 85 K.
V. THERMAL STRESS ANALYSIS
As part of the thermal design of the DS magnet, a thermal stress analysis has been performed to estimate the temperature difference that can be safely maintained between the cold mass and the helium supply during the initial cool down of the magnet. The cool down process can induce very high stresses in the cold mass due to difference in thermal contraction between the different materials resulting from a non-uniform temperature distribution, i.e., the cooling tubes getting colder faster compared to the coils in the cold mass. Thus the cool down process must be controlled with optimal temperature difference that would allow for a safe cool down of the magnet. The stresses tend to be higher at the beginning of the cool down as the thermal contraction is large at warmer temperatures. A transient thermal analysis was performed to capture the highly non-linear behavior of the thermal contraction coefficient. The analysis aided in predicting the peak stresses for a specified temperature decrement from the room temperature. Indeed, 90% of the thermal contraction occurs from room temperature down to 80 K.
The DS magnet cold mass is made of different materials that are both isotropic and orthotropic. The material properties must be as accurate as possible to obtain reasonable results. Most of the material properties were obtained from well-established data sets such as Cryocomp and NIST [14] , [15] . The material properties of the conductors were derived by performing finite element analysis on a stack of conductors. This stack consisted of a detailed model of all the different materials including the insulations.
The thermal stress analysis was performed on a half symmetric model of the DS cold mass assembly, including the details of welds between the cooling tubes and the coil mandrel. The only thermal path for the heat transfer between the cooling tube and the mandrel was assumed to be through the welds. The coil turns were replaced by a cylindrical ring with the stack properties assigned over the entire volume. A temperature difference of 35 K was applied between the cold mass and the cooling tube inlet. Fig. 6 shows the plot of the von-mises stresses in the coils after 500 seconds into the transient run. The stresses were found to be highest at the specified time frame of 500 seconds. The maximum stress attained in the coils was about 90% of the yield of the as-received aluminum stabilizer (Fig. 7) for a 35 K temperature difference. The magnet requirements specify a 0.2% yield of 30 MPa for the as received aluminum stabilizer, while in reality the conductor will be cold worked to achieve improved strength. 
VI. CONCLUSION
The thermal design of the DS has been described in this paper. The DS will be indirectly cooled by saturated helium at 4.7 K flowing in a thermosiphon circuit. The anticipated heat loads on the helium system from the cold mass and the heat load on the nitrogen system from the thermal shields have been discussed. As mentioned, the dynamic heat load from eddy current heating is negligible, due to the gradual charging and discharging times of the magnet. The details of the thermosiphon design have been described. Finally, a transient thermal stress analysis to estimate the temperature differences between the cold mass and the helium supply has been established.
